ABSTRACT Neuronal production in metazoans is tightly controlled by Delta/Notch-dependent signals regulating lateral inhibition. It is currently thought that lateral inhibition takes place in clusters of precursors with equal capacity to trigger and receive Notch-dependent inhibitory signals. However, this view neglects crucial dynamical aspects of the process. In this review, we discuss two of these dynamic factors, whose alterations yield dysfunctions in neurogenesis. First, precursors show variable neurogenic capacity as they go through the cell cycle. Second, differentiating precursors are in direct contact with non-neurogenic cells at the wavefront of expanding neurogenic domains. We discuss the mechanisms adopted by Metazoa to prevent these dysfunctions in the lateral inhibitory process, which include cell cycle synchronization occurring in the invertebrate neural epithelium and during primary neurogenesis in anamniotes, interkinetic nuclear movement in the vertebrate neuroepithelium and generalized Delta expression ahead of the neurogenic wavefront. The emerging concept is that lateral inhibition during neurogenesis occurs in dynamic clusters of precursors and requires specific mechanisms to avoid distortions resulting from the interaction between neurogenic and non-neurogenic precursors. The advance in visualizing Notch dynamics with real-time imaging at cellular and subcellular levels will notably contribute to our understanding of these novel "aspects of motion" in neurogenesis.
Introduction
During the development of the nervous system, neural precursors proliferate and give rise to neurons through a process known as neurogenesis. Although the cellular mechanism of neurogenesis may vary between vertebrates and invertebrates, remarkably this process has a common molecular mechanism in all metazoans, based on the expression of a set of proteins that belong to the bHLH family of transcription factors encoded by proneural genes (Bertrand et al., 2002) . The expression of proneural genes is controlled through a mechanism referred to as lateral inhibition with feedback (Collier et al., 1996) , dependent on the signaling of the neurogenic receptor Notch upon activation by its neurogenic Dl ligand (Fig. 1A,B) . Precursors committed to differentiate express high levels of Dl, subsequently delivering strong Notch-dependent signals to the surrounding precursors. The activation of Notch in these latter cells represses the expression of proneural genes and Dl itself, thereby preventing neuronal differentiation and the subsequent delivery of lateral inhibitory signals to differentiating precursors (Fig. 1A,B) . Through this mechanism, commitment to differentiation is reinforced in differentiating precursors while it becomes abolished in their surrounding cells (Fig. 1C) . The classical view, derived from early studies in Drosophila, proposes that lateral inhibition takes place in groups of adjacent equivalent cells called proneural clusters, having all equal capacity to express neurogenic and proneural genes and to differentiate (Simpson, 1990) . In this context, lateral inhibition with feedback only enables the selection of a few precursors for differentiation ( Fig. 1C) (Collier et al., 1996) , thus facilitating the maintenance of a pool of precursor cells for successive rounds of neurogenesis (Murciano et al., 2002) . Along these lines we discuss two dynamic processes which can drive non-equivalent cells with different neurogenic capacity to be in direct contact with each other. One case derives from the temporal variation of neurogenic capacity, i.e., capacity to express proneural and neurogenic genes, observed in neuronal precursors as they go through the cell cycle ( Fig. 2A) . In this case, adjacent cells in different phases of the cell cycle are expected to have different neurogenic capacity and hence a disrupted mutual lateral inhibition, thus leading to an exacerbation of neuronal production (Murciano et al., 2002 ). An additional dynamic process by which cells with different neurogenic capacity can become in contact arises at the border of neurogenic regions expanding through areas constituted by non-neurogenic cells (Fig. 2C) . In this case, non-neurogenic cells ahead of the growing neurogenic wavefront are expected to alter the neurogenic process since lateral inhibition with feedback is disrupted at the wavefront (Formosa-Jordan et al., 2012) .
In this review we first describe evidences for the acquisition of neurogenic capacity at specific cell cycle stages in precursor cells from different organisms and its relevance for neurogenesis. Based on the reported cell cycle dynamics between adjacent cells and the effects when these dynamics are altered, we propose two mechanisms used to prevent alterations arising from this variation of neurogenic capacity along the cell cycle (Fig. 2B ). Finally, we review the inhibitory potential of non-neurogenic cells at the wavefront, proposing a mechanism to prevent potential distortions of the neurogenic process (Fig. 2D ).
The neurogenic capacity of neural precursors is linked to specific stages of the cell cycle
Several studies in metazoans indicate that the capacity of neural precursors to express neurogenic and proneural genes becomes enhanced during G2, mitosis, and/or early G1. One example of a proneural gene whose expression becomes enhanced during G1 is ato, a gene required for photoreceptor differentiation in the eye imaginal disc of Drosophila. In this structure, ato is initially expressed by retinal precursors undergoing G1 and then it remains expressed in the differentiating photoreceptors (Jarman et al., 1994) . Proneural gene expression in a specific cell cycle window can also be observed in the wing disc of Drosophila, which gives rise to several structures, among them the sensory bristles of the adult wing margin. This is the case of ac and sc, two proneural genes that specify the sensory bristles of the adult wing margin. ac and sc become expressed by bristle precursor cells in G2 (Johnston and Edgar, 1998) , and their expression becomes extinguished just before reentry into the cell cycle (Romani et al., 1989) . In this case, premature entrance into the cell cycle of the arrested sensory precursors is associated to a loss of sensory precursor cells, following a transcriptional downregulation of the proneural ac/sc genes (Nègre et al., 2003) . Another example of the association of neurogenesis with a particular cell cycle stage in Drosophila can be found in the neural precursors from the outer optic anlagen. This structure gives rise to the outer part of the medulla and lamina of the optic lobes, and their constituting neuroepithelial cells require to be in G1 to progress from neuroepithelial cells to neuroblasts (Reddy et al., 2010) , concomitant with an increase of Notch activity that facilitates the neuroblast fate selection (Weng et al., 2012) . Forcing cell cycle progression in the neuroepithelial cells with cell cycle regulators such as cyclin D, cdk4, E2F1 and DP has been shown to lead to a differentiation delay with a concomitant prevention of Dl expression (Reddy et al., 2010) .
In vertebrates, the expression of proneural and neurogenic genes has also been shown to vary as the neuronal precursors proceed throughout the cell cycle (for a comprehensive review see Latasa et al., 2009) . In this regard, Notch1 expression is much higher in neural progenitors undergoing G2/M/early G1 than in those in Sphase in different neural tissues from vertebrates including chick (Murciano et al., 2002; Cisneros et al., 2008) , mouse (Cisneros et al., 2008) , and zebrafish (Del Bene et al., 2008) . Moreover, Dll1 and the proneural gene Neurogenin 2 (Ngn2) have both been shown (Murciano et al., 2002; Cisneros et al., 2008) . In vertebrates, the capacity to express the neurogenic genes Notch1 and Dll1 in a cell cycle-dependent manner is dependent on the stability of their transcripts (Cisneros et al., 2008) . Indeed, the RNA binding protein Elavl1/HuR, which is expressed by the neuronal precursors in G2/M/early G1, has been shown to interact with the 3' untranslated region of Dll1 mRNA and stabilize this transcript (García-Domínguez et al., 2011) . So far, the mechanism that increases proneural gene expression in neural precursors undergoing G2/M/early G1 remains unknown.
Evidence discussed above indicates that the "neurogenic capacity" of neuronal precursors, as indicated by the capacity to express proneural and neurogenic genes, seems to be restricted to particular stages of the cell cycle. This suggests that, in the absence of mechanisms preventing mutual interaction of precursors with different neurogenic potential, the normal process of lateral inhibition would be disrupted, resulting in an increase of the rate of neurogenesis (Murciano et al., 2002) . We propose that metazoans have adopted two different strategies to avoid this possibility (Fig. 2B ). On the one hand, neural precursors from monostratified neuroepithelia show waves of cell cycle synchronization that create clusters of precursors with neurogenic capacity when they enter into G2/M (Fig. 2B top) . This strategy can be observed in the developing nervous system of invertebrates as well as during primary neurogenesis in anamniotes (see below). On the other hand, vertebrates have adopted an alternative mechanism derived from the increase of cellular density that occurs in the vertebrate apically, while they move backwards as they progress from G1 to S-phase. This to-and-fro displacement of the nuclei, referred to as interkinetic nuclear movement (INM) (Frade, 2002) , creates an apical neurogenic region in the neuroepithelium, equivalent to a proneural cluster, that allows lateral inhibition to take place in precursors undergoing G2/M/early G1 (Murciano et al., 2002; Del Bene et al., 2008; Latasa et al., 2009) . Therefore, the vertebrate neuroepithelium is characterized by its capacity to continuously produce neurons while maintaining a local synchronization of precursors showing neurogenic capacity in G2/M/earlyG1. This strategy likely facilitates an uninterrupted production of neurons, necessary for the creation of large vertebrate brains.
Waves of cell cycle synchronization facilitate the creation of proneural clusters constituted by precursors with equivalent neurogenic capacity
The Drosophila embryo contains at least twenty-five clusters of cells undergoing locally synchronous mitosis (i.e. "mitotic domains") (Foe, 1989; Hartenstein et al., 1994) , which progress throughout the cell cycle according to an invariant spatiotemporal pattern (Edgar et al., 1994) . Within each cluster, mitosis starts in a single or a small number of cells and then it spreads wave-like in all directions until it stops at the boundary of the cluster (Foe, 1989) . During postblastoderm embryogenesis, a number of structures are generated out from these mitotic domains, including the CNS and the sensory organs of the larva (Namba and Minden, 1999; Minden, 2008) . Neurogenesis in these structures is regulated by genes of the ac/sc complex (Jiménez and Campos-Ortega, 1987), 
(A) Precursors at different cell cycle stages have different neurogenic capacity. A tissue with unsynchronized precursors would have intermingling of cells with different neurogenic capacity and disrupted mutual lateral inhibition between cells. (B) Two different strategies have been adopted to prevent interactions between unsynchronized precursors: (top) synchronization of neural precursors creates clusters of cells with equivalent neurogenic capacity; (bottom) INM in the vertebrate pseudostratified neuroepithelium allows lateral inhibition between apically located precursors (green cells) that are undergoing late G2/M/early G1 phase, while maintaining a pool of cells in the late G1/S/early G2 phases without neurogenic potential (red cells) in the basal part of the epithelium. In (A-B) panels, green refers to neurogenic, and red refers to non-neurogenic. (C) Neurogenic tissue (gray central cells with black boundaries) is often in contact with surrounding non-neurogenic tissue (white cells with gray boundaries) (white). (D) A strategy to avoid neurogenic perturbations at the border of neurogenic tissue would consist on a non-neurogenic tissue (blue cells) exerting inhibition (blunt arrows) on the neurogenic border.
and examine in detail the pattern formation mechanism at work in this regime. This mechanism s explanations for several puzzling features of pattern formation in the eye disc and makes experimentall y testable predictions. The most striking of thesethe appearanc e of a stripe pattern when inhibitio n is slow and a template of well-separate d R8s is lacking-is verified by transiently perturbing pattern formation in a scamutant background.
Becaus e the details of molecular interactions are not completely known, our approach is based on identifying key functional elements of the circuit and modeling them in enough generality that unknown molecular details can be y parameterized ). We condense the known players into severa l lumped variables, each of which can be thought of as representing a given interaction rather than a speci fic gene: The takes the place of all nonautonomous inhibitio n and h of the severa l nonautonomous activators that drive the MF; implements delayed, cell-autonomous positive feedback; and a self-activate s and is a marker of the R8 fate. Both h and u are allowed to move from cell to cell; our mathematical formulation ciently broad to encompass both simple molecular sion and more general forms of nondirectional transport (25) (26) (27) . Becaus e the R8 pattern is ultimately de fined on a single-cell level, we use a disordered array of discrete cells rather than a continuum model. We thus translate the interactions of Fig. 2 B into ordinary l equations on a lattice, with each site representing a single cell and irregular spacing between sites mimicking the disordered packing of cells in the eye disc. The dimensionless variables a j , s j , h j , and u j , where j indexes the lattice sites, then obey
neuroepithelium, which is crucial for the generation of the enormous amount of neurons constituting the vertebrate brain. Vertebrate neural precursors divide vigorously in an unsynchronized manner, creating a highly packed, pseudostratified neuroepithelium characterized by the position of the nuclei at different levels, depending on their stage in the cell cycle (Fig.  2B bottom) . Nuclei, therefore, move from basal to apical positions during the S/G2 transition to undergo mitosis which are initially expressed in cellular clusters (Campuzano and Modolell, 1992) . We propose that cell cycle synchronization in these neural epithelia facilitates that proneural clusters are constituted only by precursors with equivalent neurogenic capacity at the time of differentiation, thus avoiding interferences in the lateral inhibition process. One example of a neural tissue in Drosophila showing cell cycle synchronization during the process of neuronal differentiation is the compound eye. The compound eye of Drosophila develops during larval life in a specialized retinal epithelium, the eye imaginal disc (Tomlinson and Ready, 1987) . During the third larval instar, this tissue undergoes progressive transformation from a relatively amorphous epithelial sac into the complex arrangement of ommatidial facets that comprises the adult compound eye. At a certain point, ommatidia begin to be produced at one extreme, creating the MF, a dorsoventral constriction that sweeps anteriorly across the disc (Wolff and Ready 1991) (Fig. 3A,B) . The posteriorto-anterior movement of the MF coordinates cell cycle progression with early events of pattern formation (Tomlinson and Ready, 1987) . In this manner, retinal precursors anterior to the MF become synchronized in G2 as a result of the expression of stg (Mozer and Easwarachandran, 1999) , the Drosophila homologue of the cdc25 gene. These precursors proceed synchronously through mitosis and G1 (Mozer and Easwarachandran, 1999) , prior to the start of neurogenesis (Firth and Baker, 2005) , and concomitantly with a basal displacement of the nuclei that results in the MF. As cells enter the MF, ato expression and pattern formation begins (Jarman et al., 1994; Thomas et al., 1994) , and failure to synchronize cells in G1 disrupts ommatidial patterning (Thomas et al., 1994) .
As indicated above, the wing disc gives rise to sensory bristles of the adult wing margin. In two subdomains of this structure, G2-arrested cells express the proneural genes ac and sc (Johnston and Edgar, 1998), which regulate the differentiation of the bristles. Interestingly, ac/sc expression is extinguished just before reentry into the cell cycle after pupariation (Romani et al., 1989) . Therefore, precursors are synchronized in G2 at the time when the decision to differentiate occurs. Consistently, premature entrance into the cell cycle of arrested precursors, induced by overexpression of stg, is associated to a loss of precursor cells, following transcriptional downregulation of the determinant proneural ac/sc genes (Nègre et al., 2003) . This is a clear example in which exit from the cell cycle in G2 is required for proper neural cell fate determination.
Another example of cell cycle synchronization required for neurogenesis can be found in the outer optic anlagen. In this region, the constituting neuroepithelial cells need to undergo a transient arrest of the cell cycle in G1 to progress from neuroepithelial cells to neuroblasts (Reddy et al., 2010) . In these cells, a differentiation delay can be elicited by overexpressing cell cycle regulators such as cyclin D, cdk4, E2F1 and Dp, with a concomitant delay in the expression of Dl (Reddy et al., 2010) .
In the pupa stage, delamination of microchaete precursors in the notum takes also place in regions containing synchronized precursor cells, immediately after they undergo mitosis (Hartenstein and Posakony, 1989) . Subsequently, sensory organ precursors proliferate in synchrony before becoming differentiated (Hartenstein and Posakony, 1989) .
Finally, a similar situation can be observed for the neuroblasts giving rise to the embryonic PNS. During the specification of the sensory organ precursors (sensory mother cells), they become arrested in G2 (Kimura et al., 1997) with a concomitant upregulation of proneural genes followed by delamination out from synchronized cells shortly before mitosis (Hartenstein et al., 1994) .
In anamniotes, neurogenesis takes place in two phases. The first phase occurs soon after gastrulation giving rise to primary neurons, which are required for the early movements and responses of the larvae (Roberts, 2000) . In contrast, secondary neurogenesis occurs later at the tadpole stage, and can be compared with neurogenesis in amniotes. Primary neurons are born within the neural plate before the pseudostratified neuroepithelium is completely structured, concomitantly with a wave of mitosis that sweeps over the neural plate in a lateral to medial direction (Hartenstein, 1989) . Most cells of the neural plate undergo a single division during this wave, and after this first division many cells leave the cell cycle and differentiate as primary neurons (Hartenstein, 1989) . Therefore, like in Drosophila, cell cycle synchronization in monostratified neural epithelia in anamniotes seems to be required for the generation of neurons. Indeed, primary neurogenesis can be suppressed in part by expression of XBF-1, a Fox transcription factor that maintains active cell division via the inhibition of p27
Xic1 (Hardcastle and Papalopulu, 2000) . Conversely, a number of genes have been identified which are expressed in the territories of primary neurogenesis and facilitate neuronal differentiation through the induction of cell cycle arrest, including p27 Xic1 , the p21 activated kinase (XPak3), and XGadd45-g (De la Calle-Mustienes et al., 2002; Souopgui et al., 2002; Vernon et al., 2003) . Moreover, cell cycle arrest seems to be a prerequisite for primary neurogenesis to occur since knocking-down of the p27 Xic1 , XPak3, and XGadd45-g genes has been shown to prevent primary neurogenesis (De la Calle-Mustienes et al., 2002; Souopgui et al., 2002; Carruthers et al., 2003) .
Caenorhabditis elegans vulval development is another example in which the cell cycle is coordinated with Notch signaling (Ambros, 1999; Nusser-Stein et al., 2012) (2012) found that NICD degradation only occurs after entry to the G2 phase. In this study, the authors also propose that precursors should exhibit a certain degree of asynchrony to break their equivalence, a phenomenon that has been called bounded asynchrony (Fisher et al., 2008 , Nusser-Stein et al., 2012 . Nusser-Stein et al., (2012) proposed that NICD degradation at the G2 phase would keep precursors synchronized to a certain extent, i.e. keeping a bounded asynchrony, contributing to the temporal order of 1 o and 2 o cell fate specifications.
A dynamic proneural cluster at the apical portion of the neuroepithelium
As described above, a common aspect of nervous system development is that precursor cells normally arrest in the cell cycle window comprising G2/M/early G1 prior to neuronal differentiation, thus providing a quiescent stage to begin differentiation. This strategy is characterized by long periods of time during which neural precursors stay in interphase without neuronal production, which may be sufficient for the genesis of small brains like those of invertebrates, or primary neurons for basic functions in the larva of anamniotes. In contrast, the vertebrate brain is constituted by an enormous amount of neurons generated during a short period of embryonic development and, unlike what is observed in Drosophila, vertebrate neuroblasts are postmitotic at the time they abandon the neuroepithelium (Götz and Huttner, 2005) . Therefore, vertebrates have adopted a strategy based on the continuous production of neurons, while precursor cells enrolled in neurogenesis maintain a close contact between them due to the INM (for reviews see Latasa et al., 2009 , Kosodo, 2012 .
The INM leads to the presence of cells with neurogenic capacity in the apical portion of the neuroepithelium, facilitating the restriction to this region of lateral inhibition. The apical domain of the neuroepithelium can therefore be considered as an actual proneural cluster with dynamic synchronization of precursors (Murciano et al., 2002) . In the absence of INM, neuronal precursors lacking neurogenic capacity (undergoing S-phase) could freely interact with neurogenic precursors, thus resulting in an overproduction of neurons. This concept, initially proposed by Murciano et al., (2002) based on computer simulations and pharmacological inhibition of either cell cycle progression or nuclear displacement, has been confirmed by several studies performed afterwards. Thus, Xie et al., (2007) have shown that silencing of Cep120, a centrosomal protein expressed by neuronal precursors during cortical development, impairs INM and favors neuronal overproduction. Cep120 interacts with transforming acidic coiled-coil proteins (TACCs), a group of centrosome-associated proteins whose silencing causes defects in INM and neural progenitor cell self-renewal (Xie et al., 2007) . In this regard, Yang et al. (2012) have recently shown that DOCK7, a member of the DOCK 180 family of proteins that antagonizes the microtubule growth-promoting function of TACC3, also influences cortical neurogenesis by controlling apically-directed INM of radial glial progenitor cells. Similarly, disruption in vivo of the interaction between Hook3 and PCM1, two pericentriolar proteins, impairs INM, thus resulting in the overproduction of neurons at the expense of the neural progenitor pool in the developing neocortex (Ge et al., 2010) . Del Bene et al., (2008) have provided additional genetic proof for the implication of INM in neurogenesis. These authors have shown that the retina of mok zebrafish mutants, in which INM is disrupted due to a mutation in the motor protein Dynactin-1, shows an increase of neurogenesis as well. In another study, Schenk et al., (2009) have demonstrated that the disturbance of INM in a culture system of mouse embryonic telencephalon reproducing cortical development is able to change neural progenitor fate toward a more differentiated state. Further evidence for the involvement of INM in the regulation of neurogenesis comes from the medaka mutant tab, which shows an abnormal pattern of INM associated with basally mislocalized mitosis and accelerated neurogenesis in the neural tube (Tsuda et al., 2010) . Overall, these studies based on both pharmacological and genetic approaches to prevent INM demonstrate the importance of INM in the process of neurogenesis. These studies indicate that perturbation of INM is able to cause enhanced neurogenesis at the expense of neural progenitor cells, likely due to the interaction of neurogenic precursors with neuroepithelial cells lacking capacity to trigger Notch-dependent signaling (Murciano et al., 2002) . Surprisingly, Nishikawa et al., (2011) have reported a reduction of newborn cortical neurons in embryos treated with an antagonist of the endothelin B receptor, a treatment that correlates with slowing down of the INM. One possible explanation for this observation derives from the known effect of endothelin on favoring enteric neurogenesis (Barlow et al., 2003) . Therefore, inhibition of the endothelin pathway might result in a reduction of neurogenesis in the brain cortex even if INM is affected, provided that this neuromodulator is also required for neurogenesis in the CNS.
The observations described above are consistent with the activation of Notch at the apical portion of the normal neuroepithelium (Ochiai et al., 2009) , an event recently confirmed in vivo with a reporter for Notch activity (Vilas-Boas et al., 2011) . This latter study, which used a Notch reporter gene based on the expression of GFP under the control of the Hes5-1 promoter coupled with multiple elements that confer instability to the molecule, has demonstrated that Notch is most frequently activated in neuronal precursors prior to mitosis (Vilas-Boas et al., 2011) . Since Notch1 signaling is triggered by the translocation of its intracellular domain to the nucleus upon ligand binding (Schroeter et al., 1998) , monitorization of Notch signaling in the neuroepithelium has also been performed with antibodies that recognize the NICD (Tokunaga et al., 2004; Del Monte et al., 2007) . In this regard, Tokunaga et al., (2004) have demonstrated that the neuroepithelial cells showing NICD immunoreactivity are located closer to the apical portion of the neuroepithelium than those expressing Notch1, thus indicating that Notch1 is activated in a cell cycle-dependent manner. Del Bene et al., (2008) have also shown NICD-specific immunoreactivity in the nuclei of neural precursors located at the apical surface of the mouse embryonic retina. In another study, Del Monte et al., (2007) have observed NICD-specific immunoreactivity throughout the developing CNS in a pattern resembling that of BrdU incorporation, but double labeling for NICD and BrdU to unambiguously demonstrate the area in which NICD localizes was lacking in this study. Another proof for the activity of Notch being maximal at the apical neuroepithelium is based on the analysis of the expression of the downstream effectors of Notch such as HES5 and her4. For instance, HES5 has been shown to be enriched in the apical neuroepithelium of chick (Cisneros et al., 2008) , and her4 has been shown to be increased in neural precursors from zebrafish embryonic retina as they move from the basal to the apical end of the neuroepithelium (Del Bene et al., 2008) , further indicating that Notch signaling is activated during G2/M in both species. The apical location in the neuroepithelium of gene transcripts encoding for proteins involved in the regulation of Notch activity such as lFng (Cisneros et al., 2008) is also consistent with a regionalization of the activity of Notch during G2/M/early G1. Finally, experiments in which the apical domain in vertebrate retinal neuroepithelia is manipulated to be expanded demonstrate an increased activity of Notch and reduced rates of neurogenesis (Clark et al., 2012) , as expected from the apically-located activity of this neurogenic receptor.
The increase of Notch activity in the apical portion of the neuroepithelium is also consistent with the observation that Dll1 begins to be expressed as precursor cells move apically (Murciano et al., 2002) . This observation is in apparent contradiction with the report by Del Bene et al., (2008) demonstrating that, in 26 hpf zebrafish embryos, deltaB and deltaC can be detected throughout the whole neuroepithelium, including retinal precursors located at the basal neuroepithelium, where S-phase takes place. In this regard, it is important to indicate that neuronal differentiation in zebrafish begins at 32 hpf (Schmitt and Dowling, 1999) . Therefore, at this preneurogenic stage, Dl expression is generalized throughout the (Smithers et al., 2000) , as it occurs in the chick and mouse retina (Rocha et al., 2009; Formosa-Jordan et al., 2012) . Dl expression at these preneurogenic stages is likely to prevent alterations in the lateral inhibitory process as the neurogenic region begins within the central retina, as discussed in the next section.
Neurogenic wavefronts as areas of lateral inhibition instability
In the neural epithelium, neurogenesis often begins in restricted areas, surrounded by non-neurogenic cells (Fig. 2C) . The neurogenic region expands as development proceeds, giving rise to a wavefront at the boundary with the non-neurogenic tissue. In Drosophila, the wave of photoreceptor differentiation in the eye imaginal disc (Fig. 3 A,B) occurs through the progression of the MF, driven by the diffusing morphogen hh (Domínguez and Hafen, 1997) . Two HLH regulatory proteins known to prevent proneural gene expression and function respectively are expressed ahead of the MF: h and emc (Brown et al., 1995) . Therefore the neurogenic region (behind and within the MF) expands over a non-neurogenic tissue (ahead the MF). The vertebrate retina represents another paradigmatic example of such expansion (Fig. 4 A,B) . In this tissue, signals within a small cluster of cells in the central region drive the initiation of neurogenesis (Martinez-Morales et al., 2005) , which then gradually spreads to the periphery through the release of the morphogen Shh (Neumann and Nuesslein-Volhard, 2000) . Neuroepithelial cells located ahead of the neurogenic wavefront in the retina lack Notch and lFng expression (Formosa-Jordan et al., 2012) , the latter encoding a glycosyl transferase crucial for Delta/Notch signaling (Moloney et al., 2000) . The absence of the Notch receptor within the peripheral retina rules out the possibility that this region is constituted by neurogenic cells in a state of mutual inhibition.
This dynamic pattern of neurogenesis has important implications for the process of neuronal differentiation. Specifically, precursors located at the neurogenic wavefront are in direct contact with non-neurogenic precursors that are not expected to sense or trigger differentiation inhibitory signals. As a result, these nonneurogenic cells cannot feedback to neurogenic ones, preventing the selection of new precursors. Therefore the conditions at the wavefront are expected to have relevant consequences for the final pattern of neuronal differentiation. Computer simulations using a mathematical model for the initiation and morphogen-dependent spreading of the neurogenic process, which restricts the dynamics of lateral inhibition to the neurogenic region, predict that alterations of neurogenesis can often arise in the presence of non-neurogenic precursors ahead of the wavefront (Formosa-Jordan et al., 2012) . Examples of these alterations are massive neurogenesis (all cells become committed to differentiation) or neural overproduction, morphological irregularities of the wavefront itself, and faster progression of the wavefront through the neuroepithelium (Figs. 3C and 4C) (Formosa-Jordan et al., 2012) .
The mechanism that prevents these alterations in the pattern of neurogenesis seems to be generalized Dl expression (i.e. not modulated by Notch) in non-neurogenic tissues surrounding neurogenic regions (Fig. 4B) (Formosa-Jordan et al., 2012) . This expression can be detected at early developmental stages in a number of neural tissues of different species. In Drosophila, Dl expression has been described within eye imaginal discs on the surfaces of unpatterned cells ahead of the MF (Kooh et al., 1993) . As in other neural structures, generalized Dl expression ahead of the MF seems to be independent of canonical Notch signaling (Kunisch et al., 1994) since the proneural repressors h and emc are both expressed in this region (Brown et al., 1995) . In the early zebrafish embryo, strong Dl expression can be observed in all precursors, even those in S-phase, a few hours before the initiation of neurogenesis in this tissue (Haddon et al., 1998; Del Bene et al., 2008) . In both the avian and murine retina, Dll1 is expressed more peripherally than its homolog Dll4, being detected in a high proportion of mitotically-active progenitor cells (Rocha et al., 2009; Formosa-Jordan et al., 2012) . As mentioned above, Dl expression in all these areas is often observed in most cells, suggesting that it is not a result of a purely lateral inhibitory process in which the already differentiated cells inhibit their surrounding cells.
Computer simulations predict that the presence of Delta ahead of the neurogenic wavefront results in increased robustness of the lateral inhibition process, thus avoiding massive neurogenesis and morphological distortions of the wavefront, while driving a slower regular expansion of the neurogenic region (Figs. 3C and 4C) (Formosa-Jordan et al., 2012) . These predictions could explain observations made by Rocha et al. (2009) in the retina of mice where Dll1 is conditionally mutated, while Dll4-dependent lateral inhibition remains within the neurogenic region. Also, these predictions could be consistent with the appearance of extra photoreceptors at the edges of Delta mutant patches in the adult eyes in Drosophila, although the absence of photoreceptors within such patches are explained because Delta is a proneural enhancer in this region (Baker and Yu, 1997) .
Overall, these observations suggest that generalized Dl expression ahead of the neurogenic wavefront is required for the avoidance of disturbances in lateral inhibition during the neuronal differentiation process (Formosa-Jordan et al., 2012) .
Perspectives
The selection of precursors to become neurons is driven through lateral inhibition with feedback, a dynamic process of mutual inhibition between cells. Moreover, there are two additional dynamic components of the process, whose relevance for proper neurogenic selection has been emphasized herein. These dynamic components are cell cycle progression and neurogenic wavefront expansion. Both of them involve the disruption of the lateral inhibition interaction between cells, since cells which lack the capacity to trigger and/or to receive inhibitory signals (non-neurogenic) could be potentially mixed within cells that do have this capacity (neurogenic). We have discussed mechanisms used to prevent such disruption. One mechanism avoids the mixing between neurogenic and nonneurogenic cells, either through synchronizing the cell cycle globally in the tissue or locally in a pseudostratified neuroepithelium. The other mechanism provides non-neurogenic cells with the capacity to trigger inhibitory signals, but not to receive them.
There are additional features of the Notch signaling pathway that can drive cells with different neurogenic capacity to interact. One example is cis-inhibition. In this case, Notch receptors can bind the ligand within the same cell (in cis) and trigger no signal. As a result, cis-interactions trap the receptor and the cell has reduced capacity to sense inhibitory signals (Miller et al., 2009; Sprinzak et al., 2010) . Whether neurogenesis commonly involves the in-termingling between cells with different amounts of cis-inhibition remains to be elucidated. If cis-inhibition occurs homogeneously in all precursors, lateral inhibition patterning is predicted to be facilitated (Sprinzak et al., 2010) and with reduced errors (Barad et al., 2010) . What would occur if cis-inhibition is restricted to some precursors is yet to be evaluated.
Another open question is the relevance of the dynamic expansion of wavefronts and its self-regulation. Neurogenic expansion occurs through the release of morphogen, which enables cells to interact through lateral inhibition, by already differentiated cells, which in turn become unable to sense inhibition anymore. Such self-regulated progression ensures patterning is occurring in a small moving region, in between non-neurogenic tissue and already patterned tissue. From a theoretical point of view, moving wavefronts of lateral inhibition are receiving increasing attention (Owen, 2002; Plahte and Øyehaug, 2007; Pennington and Lubensky, 2010; Lubensky et al., 2011; O'Dea and King, 2011; O'Dea and King, 2012; Formosa-Jordan et al., 2012; Simakov and Pismen, 2013) . The advantage of a moving wavefront versus a neurogenic region surrounded by a fixed boundary remains to be elucidated.
In silico experiments support that neurogenesis within a tissue with a fixed boundary surrounded by non-neurogenic cells also involves disrupted lateral inhibition at the boundary (unpublished observations). Therefore, generalized ligand levels in non-neurogenic cells could also be relevant in these cases, and in particular, for small non-expanding neurogenic clusters. In this regard, generalized Delta expression has been observed in other regions where neurogenesis occurs in restricted regions without the need of a neurogenic front. For instance, Dl expression has been shown to precede ac protein accumulation in microchaeta proneural stripes (Parks et al., 1997) .
The dynamical aspects of Notch signaling prompt for advancing in molecular techniques such as time-lapse fluorescence microscopy that could visualize such dynamics and quantify it (Sprinzak et al., 2010) . Additionally, the engineering of synthetic systems (Sprinzak et al., 2010; Matsuda et al., 2012) in which dynamics can be more easily assessed and the intermingling between cells with different neurogenic capacity can be controlled, could shed new light on the functioning of Notch signaling for neurogenic selection of precursors. Time-lapse microscopy in combination with synthetic biology techniques and a modeling approach has recently enabled a quantification of how cis-inhibition affects the Notch signaling pathway, revealing the existence of a molecular ultrasensitive switch due to the cis-interactions (Sprinzak et al., 2010) . Moreover, the design of new luciferase reporters enabled quantification at timescales of a few hours and even minutes (Imayoshi et al., 2013) , and represents a good starting point for quantifying the varying neurogenic capacity throughout the cell cycle.
The emerging concept is that lateral inhibition during neurogenesis occurs in dynamic clusters of precursors and requires specific mechanisms to avoid distortions resulting from the interaction between neurogenic and non-neurogenic precursors. The synergy of real-time imaging of Notch dynamics at cellular and subcellular levels combined with both Synthetic Biology and theoretical perspectives will notably contribute to our understanding of these novel aspects in motion of neurogenesis.
